Mutations in the solute-linked carrier family 4 member 11 (SLC4A11) gene are associated with congenital hereditary endothelial dystrophy (CHED), Fuchs endothelial corneal dystrophy and Harboyan syndrome, in all of which visually significant cornea edema may require corneal transplantation. However, the pathogenesis of SLC4A11-associated corneal endothelial dystrophies remains to be elucidated. Recent evidence suggested cellular respiration reprogramming and mitochondrial oxidative stress in SLC4A11-deficient corneal endothelium. Given the complexity of cellular metabolic regulation and its cell type specific impact on cellular physiology, we systemically analyzed the transcriptome of SLC4A11 knock-down primary human corneal endothelium (SLC4A11 KD pHCEnC) and corneal endothelial cells derived from Slc4a11 -/mice (Slc4a11 -/-MCEnC) to provide a comprehensive characterization of the transcriptome profile changes resulting from loss of SLC4A11. To identify the conserved molecular mechanisms that lead to cornea endothelial dysfunction in both the human and murine models, we performed comparative transcriptomic analysis. Our analysis identified inhibition of cell metabolism and ion transport function as well as mitochondria dysfunction as shared between SLC4A11 KD pHCEnC and Slc4a11 -/-MCEnC. Functional analysis confirmed the absence of SLC4A11-mediated NH 4 Cl-induced membrane depolarization in Slc4a11 -/-MCEnC. Transcriptome of SLC4A11 KD pHCEnC and Slc4a11 -/-MCEnC identified downregulation of Na + -HCO 3 transporter (NBCe1, SLC4A4), a key player in corneal endothelial 'pump' function, and upregulation of Syntaxin 17 (STX17), an initiator of mitophagy. NBCe1 and STX17 were further analyzed in Slc4a11 -/-MCEnC for functional impact and in SLC4A11 KD pHCEnC and corneal endothelium from individuals with CHED for protein expression, all Zhang et al. Energy Crisis in SLC4A11-deficient Corneal Endothelium 3 showed consistent changes with transcriptome. CHED corneal endothelium also showed decreased immunostaining intensity for mitochondria markers suggesting decreased mitochondira density . In SLC4A11 KD pHCEnC and Slc4a11 -/-MCEnC, steady state ATP depletion and ATP sensing AMPK-p53 pathway activation were observed, consistent with the prediction using transcriptome data that transcriptional factor p53 were responsible for the transcriptomic changes. These findings suggest that insufficient energy fueling the corneal endothelial 'pump', as a result of metabolic inhibition and failing mitochondria, is the direct cause of clinical phenotype of corneal edema in SLC4A11-associated corneal endothelial dystrophies. Zhang et al. Energy Crisis in SLC4A11-deficient Corneal Endothelium 4
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Mutations in the solute-linked carrier family 4 member 11 (SLC4A11) gene are associated with congenital hereditary endothelial dystrophy (CHED), Fuchs endothelial corneal dystrophy and Harboyan syndrome, in all of which visually significant cornea edema may require corneal transplantation. However, the pathogenesis of SLC4A11-associated corneal endothelial dystrophies remains to be elucidated. Recent evidence suggested cellular respiration reprogramming and mitochondrial oxidative stress in SLC4A11-deficient corneal endothelium. Given the complexity of cellular metabolic regulation and its cell type specific impact on cellular physiology, we systemically analyzed the transcriptome of SLC4A11 knock-down primary human corneal endothelium (SLC4A11 KD pHCEnC) and corneal endothelial cells derived from Slc4a11 -/mice (Slc4a11 -/-MCEnC) to provide a comprehensive characterization of the transcriptome profile changes resulting from loss of SLC4A11. To identify the conserved molecular mechanisms that lead to cornea endothelial dysfunction in both the human and murine models, we performed comparative transcriptomic analysis. Our analysis identified inhibition of cell metabolism and ion transport function as well as mitochondria dysfunction as shared between SLC4A11 KD pHCEnC and Slc4a11 -/-MCEnC. Functional analysis confirmed the absence of SLC4A11-mediated NH 4 Cl-induced membrane depolarization in Slc4a11 -/-MCEnC. Transcriptome of SLC4A11 KD pHCEnC and Slc4a11 -/-MCEnC identified downregulation of Na + -HCO 3 transporter (NBCe1, SLC4A4), a key player in corneal endothelial 'pump' function, and upregulation of Syntaxin 17 (STX17), an initiator of mitophagy. NBCe1 and STX17 were further analyzed in Slc4a11 -/-MCEnC for functional impact and in SLC4A11 KD pHCEnC and corneal endothelium from individuals with CHED for protein expression, all showed consistent changes with transcriptome. CHED corneal endothelium also showed decreased immunostaining intensity for mitochondria markers suggesting decreased mitochondira density . In SLC4A11 KD pHCEnC and Slc4a11 -/-MCEnC, steady state ATP depletion and ATP sensing AMPK-p53 pathway activation were observed, consistent with the prediction using transcriptome data that transcriptional factor p53 were responsible for the transcriptomic changes. These findings suggest that insufficient energy fueling the corneal endothelial 'pump', as a result of metabolic inhibition and failing mitochondria, is the direct cause of clinical phenotype of corneal edema in SLC4A11-associated corneal endothelial dystrophies. Solute-linked carrier family 4 member 11 (SLC4A11) is one of the highly expressed 2 differentiation markers for corneal endothelium [1] [2] [3] . Mutations in SLC4A11 are 3 associated with congenital hereditary endothelial dystrophy (CHED), Harboyan 4 syndrome (CHED with perceptive deafness) and Fuchs endothelial corneal 5 dystrophy (FECD) [4] [5] [6] [7] . Additional evidence of a role for SLC4A11 in FECD comes 6 from reports of the hypermethylation of the SLC4A11 promoter and transcriptional 7 downregulation of SLC4A11 in FECD corneal endothelium [8, 9] . Children with 8 CHED often present with bilateral corneal edema at or shortly after birth with 9 significant vision impairment. Corneal transplantation is the only means of restoring 1 0 vision and is associated with a guarded prognosis in terms of long term recovery of 1 1 vision and graft survival [10] . In addition, these children are at risk of developing 1 2 perceptive deafness later in life (Harboyan Syndrome) [11] . FECD affects as much 1 3
as 5% of the U.S. population over 40 years of age [12] , and visually significant 1 4 corneal edema secondary to FECD is the most common indication for keratoplasty in 1 5
US and worldwide [13, 14] . Together, CHED and FECD constitute common 1 6
indications for corneal transplantation in published series from around the world 1 7 [15, 16] .
1 8 SLC4A11 is functionally characterized as an NH 3 and alkaline pH stimulated 1 9 H + transporter, while permeability to Na + , OHand water has also been reported [17-2 0 21]. SLC4A11 is essential in facilitating energy producing glutaminolysis, maintaining 2 1 antioxidant signaling and preventing apoptosis in corneal endothelial cell [22] [23] [24] [25] . response to DNA damage [26, 27] . In SLC4A11-associated corneal endothelial The FASTQ files containing the raw reads from the pHCEnC and MCEnC were 1 0 6
aligned to the human (GRCh38/hg38) and mouse (GRCm38/mm10) genomes 1 0 7 respectively using Hisat2. The raw counts of aligned reads were converted to counts biological function pathways without an assigned z-score and predicted upstream 1 3 0 regulators were ranked by mean enrichment p-values among sample sets. Quantitative PCR was performed to validate the differential expression of selected MCEnC and pHCEnC were seeded on 1 × 10 5 /mL in 12-and 24-well plates, MCEnC, respectively ( Fig. 4L, M) . To identify the upstream signaling pathway leading to the observed transcriptomic early passage (Fig.5C ). However, there was increased total p53 level in both To identify the kinase responsible for the Ser15 (Ser18 in mouse) transcriptional activation of p53 [82] [83] [84] . In the setting of a decreased ATP-to-ADP 3 3 7
(or ATP-to-AMP) ratio, AMPK catalytic α subunit will be phosphorylated at Thr172 We used a comparative transcriptomics approach based on the observation of [40,87]. This approach is based on the high degree of gene orthology between With this approach, we identified generalized inhibition of multiple metabolic potential for therapeutic approaches shown to be efficacious in the Slc4a11 -/mice. was observed. Transcriptome data showed differential expression of 38 ion channels Slc4a11 -/-MCEnC. Our data suggests that AMPK activation is likely to be the initial Grant (WZ). R  1  2  5  H  ,  W  2  4  0  S  ,  C  3  8  6  R  ,  a  n  d  V  5  0  7  I  S  L  C  4  A  1  1  m  u  t  a  t  i  o  n  s  5  9  0  a  s  s  o  c  i  a  t  e  d  w  i  t  h  c  o  r  n  e  a  l  e  n  d  o  t  h  e  l  i  a  l  d  y  s  t  r  o  p  h  y  a  f  f  e  c  t  t  h  e  t  r  a  n  s  p  o  r  t  e  r  f  u  n  c  t  i  o  n  b  u  t  n  o  t  5  9  1 t unpaired t-test, p = 0.0281). (M) Bar graph summary of intracellar ATP levels 7 8 5 measured in early passage (n=6 each, two-tailed unpaired t-test, p = 0.034) and late 7 8 6 passage (n=6 each, p = 0.039) Slc4a11 +/+ and Slc4a11 -/-MCEnC. 
